The vortical flow dynamics and acoustic response of a gas-turbine swirl-stabilized injector are investigated by means of a large-eddy-simulation (LES) technique. The flow passes the injector through three radial swirlers, which are counter-rotated with each other. The formulation includes Favre-averaged mass, momentum, and energy conservation equations in three dimensions. Several instability modes with well-defined frequencies, such as vortex breakdown and Kelvin-Helmholtz instabilities as well as their interactions, are observed in the flowfields. The method of proper orthogonal decomposition (POD) and spectral analysis is employed to identify the complex flow structures and several dominant frequencies in various regions. The acoustic response of the injector to imposed oscillations at the inlet is also studied over a wide range of frequency. Results show that external forcing has minor effects on the mean flow properties due to the broadband characteristic of turbulence. However, the instantaneous mass flux distribution at the injector outlet depends on the frequency of external excitation although the vortex breakdown is not sensitive to the imposed excitation in the current study. The radius of the central toroidal recirculation zone (CTRZ) varies during externally excitation and is out of phase with the overall mass flow rate at the injector outlet.
Introduction
Unsteady fluid dynamic interactions with chemical reactions in combustion chambers, a phenomenon commonly known as combustion instability, have hindered the development of gas turbine engines for years.
The resultant flow oscillations may significantly shorten the lifetimes of a combustor and the associated turbomachinery components.
Although it is well known that combustion dynamics results from thermoacoustic coupling (Rayleigh, 1945) , the detailed mechanisms that lead to the onset and sustenance of combustion instability still are unclear and remain as a major technique problem, which must be solved.
In a combustion chamber, injectors play an important role in defining the stoichiometry and fluid mechanics of the primary combustion zone. The effects of vorticity evolution in injectors appear in two areas. First, the vorticity evolution is a highly unsteady phenomenon that can induce pressure oscillation in the flowfield. Second, the strong shear layer associated with vorticity evolution may affect the breakup of liquid sheet from the injectors and the second breakup of liquid droplets and lumps (Lasheras and Hopfinger, 2000) . These subsequently affect the fuel distribution and further affect the stoichiometry of the combustible mixtures. Therefore, the vorticity evolution in injector must be studied carefully.
Swirl-stabilized injectors have been commonly used in modern gas turbine engines as an aid to stabilize the high intensity combustion process and to promote efficient clean combustion. One of the most important flow characteristics produced by swirlstabilized injectors is the central toroidal recirculation zone (CTRZ) (Gupta, 1984) , which serves as a flame stabilization mechanism. Flows in this region are generally associated with high shear rates and turbulent intensity resulting from vortex breakdown. Such kind of flow oscillations may couple resonantly with acoustic modes in the combustor and subsequently lead to combustion instabilities. Since the flowfield generated by injector plays an important * Ph. American Institute of Aeronautics and Astronautics 1 role in defining the stoichiometry and fluid dynamics of the primary combustion zone, it is necessary to study the acoustic response of the injector for diagnosing the cause of combustion instability.
The studies of large flow structures in nonswirling flows are extensive, but limited effort was devoted to swirling flows, especially in complex geometries with strong turbulence (Sarpkaya, 1995) . In recent years, computational models have become more useful in providing fundamental understanding of the physics involved. However, due to the limitations of computer resources, most studies utilized the Reynolds Averaged Navier Stocks (RANS) equations or two-dimensional LES to study the flowfields (Spall et al, 2000; Cannon et al, 2000; Guo et al. 2001) . The purpose of this work is to conduct a comprehensive numerical analysis of the detailed flow structures in a swirl-stabilized injector over a broad range of operating conditions. The responses of the injector to various externally imposed disturbances are studied in detail.
Theoretical Formulation and Numerical Model
The present analysis is based on a large-eddysimulation (LES) technique, in which large-scale turbulent structures are directly computed and small dissipative structures are modeled. Mathematically, the LES methodology begins with filtering of smallscale effects from large-scale motions in the full conservation equations.
The Favre-filtered conservation equations of mass, momentum, and energy can be expressed in the following conservative form:
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where ρ, u i , p, e t , q j and τ ij represent the density, velocity components, pressure, specific total energy, heat flux, and viscous stress tensor, respectively. The subgrid-scale terms in Eqs.
(1)-(3), i.e., the subgrid stress and subgrid energy fluxes H , are closed by implementing an improved Smagorinsky model proposed by Erlebacher et al (1992) . Details of the filtered equations and the subgrid closure employed have been reported in the cited papers and therefore not presented here for brevity.
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The theoretical formulation outlined above is solved numerically by means of a density-based, finite-volume methodology. Spatial discretization is achieved using fourth-and second-order central difference schemes for the convective and viscous terms, respectively, in generalized coordinates (Rai et al, 1993) . Temporal discretization is obtained using the two-step Adam-Bashforth predictor-corrector scheme. The message passing interface (MPI) parallel computing architecture with a multi-block domain composition technique is implemented to obtain further efficiency.
The method of characteristics (MOC) is used to treat the boundary conditions. The mass flux ( ),total temperature (T m 0 ), axial velocity (u x ), and angle between the radial (u r ) and azimuthal velocity (u θ ) are specified. The pressure is determined using a simplified one-dimensional momentum equation in the radial direction.
Results and Discussion

Computational Case Description
The injector under consideration consists of a mixing duct and a fuel nozzle located coaxially upstream of the mixing duct, as shown in Fig. 1 . A detailed description is given in Graves (1997) . The mixing duct includes a center cylindrical duct, two annular ducts, and three passages corresponding to these ducts. Those passages are spaced radially outward from each other. Three sets of radial air swirlers, denoted as S 1 , S 2 , and S 3 , respectively, are located upstream of the air-passages. The first and second swirlers are counter-rotating relative to the longitudinal axis. The radial swirler angles in the current study are 45°, -60°, and 70°, respectively.
A three-dimensional grid system is generated by rotating a two-dimensional grid system around the longitudinal axis. The external region downstream of the injector is also considered to provide a complete description of the flow development. The length and diameter of the computational domain are 10 times and 5 times of the injector diameter, respectively. The computational domain is carefully chosen such that the outer boundaries in the axial and radial directions are sufficiently far from the injector exit to minimize the propagation of boundary-induced disturbances into the injector. The Reynolds number in the current study, based on the diameter and the bulk velocity at the injector outlet, is 2×10 5 . The average gird size in the injector interior falls in the inertial sub-range of the turbulent kinetic energy spectrum. The entire grid system has 1.9 million points, of which 0.9 million points are located within the injector. A total number of 54 computational blocks are used for parallel processing
Unsteady Flow Evolution without External Forcing
Investigation was first conducted into the injector dynamics under conditions without externally imposed forcing. Figure 2 shows the vorticity magnitude contours on the x-y and y-z planes. Figure 3 shows an iso-surface of the azimuthal velocity. The flow patterns exhibit two features as follows. First is the vortex breakdown due to the radial-entry swirling flow. A CTRZ is found downstream of the centerbody due to this vortex breakdown. Because of the strong shear layer between the inlet passage and CTRZ, a strong vorticity layer is produced, which subsequently rolls, tilts, stretches, and breaks up into small bulbs. These vorticity bulbs are then convected downstream and interact with the surrounding flow structures. The strong shear layer helps break up the liquid steam injected from the fuel injection ports. The power spectral density (PSD) of the pressure oscillation in the CTRZ, as shown later, indicates the existence of broadband fluctuation with a dominant frequency around 4000 Hz. The second salient feature is the organized vortex shedding from the trailing edge of the guide vane between the first and second flow passages. Because of the opposition of the swirlers vane angles, two highly counter-rotating flows at different velocities, merging at the rim tip, produce a strong shear layer that promotes mixing process. The vortices are generated and shed downstream sequentially. The vorticity magnitude contours in the A-A section of Fig. 2 also shows the existence of the Kelvin-Helmholtz instabilities in both the azimuthal and axial directions due to the large velocity difference across the guide vane. The ensuing influence on fuel/air mixing may be significant because the strong vortical flow interacts with the thin fuel film on the surface of the guide vane between the second and third passages. Figure 4 shows a typical result for the inlet radial swirler vane angles of S 1 = 30°, S 2 = -40°, and S 3 = 50°. The flow structures in term of vortex breakdown, vortex shedding and helical structure appear to be stronger than those with high swirl number cases. In Figure 4 , a bubble type vortex breakdown is clearly observed in the central region and the vortex shedding near the guide vane is well organized.
The contours of the mean axial velocity and turbulence kinetic energy (tke) are presented in Figs. 5 and 6, respectively. Figure 5 clearly shows the existence of CTRZ, where the axial velocity is negative. High tke is observed in the downstream of the centerbody, where the vortex breakdown occurs, and the guide vane between the second and third passages, where the vortex shedding owing to the Kelvin-Helmholtz instability is dominant. The strong vortical motions in these regions promote the mixing between the fuel and air.
American Institute of Aeronautics and Astronautics Figure 7 shows the PSD of the pressure fluctuation at three different locations under conditions with and without forcing. The spectrum in high swirl-number case is broadband and no dominant frequency is observed as opposed to the lower swirl number flow study (Wang, et al., 2001) . Different dominant frequencies are observed at different probes. A spectrum range around 1500Hz is dominant at probe 10:03 located at the Kelvin-Helmholtz instability dominant zone. This mode may correspond to the interaction between the Kelvin-Helmholtz instabilities and vortex breakdown. The POD result shown later indicates that the vortex shedding due to Kelvin-Helmholtz instabilities is at the frequency of 14000Hz. In the present work, due to the geometry constraints, the two instabilities, i.e., vortex breakdown and vortex shedding, will American Institute of Aeronautics and Astronautics 4 interact/compete with each other and the enhanced evolution of vortex breakdown suppresses the development of vortex shedding. At probe 14:10, which is inside of the CTRZ, a 4000Hz dominant frequency is clearly observed. The above results prove that complex characteristic behavior of the flowfield in the swirler-stabilized injector. In addition to the spectral analysis presented above, the method of proper orthogonal decomposition (POD) (Lumley 1981) is employed. The POD procedure identifies the most energetic contributions and obtains the spatial structures of the corresponding modes. Here we have performed the POD analysis for the velocity field. To simplify the problem, the POD analysis is conducted only for the flowfield of an x-y cross section along the axis in the injector instead of the entire 3D flowfield. A total of 1000 snapshots extending over 10 ms are used. The American Institute of Aeronautics and Astronautics 5 PSDs of the time-varying coefficients of the first six most energetic modes are shown in Fig. 8 . The differences of the dominant frequencies among various modes are obvious. The first four modes correspond to low-frequency flow phenomena, and the fifth and sixth modes to high-frequency flow phenomena. The spatial structures of the selected modes are shown in Fig. 9 . The first and second modes represent the large structures in the flowfield. They may include vortex breakdown, separated flows from the fuel nozzle, and the modes competition between the vortex breakdown and Kelvin-Helmholtz instabilities. The third and forth modes represent the interaction/competition between the dynamic evolution of vortex breakdown and the vortex shedding due to Kelvin-Helmholtz instability (Wang, et al., 2001) . The fifth and sixth modes represent the small structures corresponding to the vortex shedding arising from the Kelvin-Helmholtz instabilities in the flowfield and the frequency is around 14000Hz.
Unsteady Flow Evolution under Imposed External Forcing
The acoustic response of the injector to externally imposed oscillations at the inlet is studied. The imposed frequencies in the current study include 400, 500, 600, 700, 900,1500, and 4000 Hz. respectively. α is fixed at 10% in the present work. Figure 3 shows the mean axial velocity contours for f F = 1500Hz. No discernible difference is observed between the situation with and without external forcing. The effects of forced oscillation on mean flow properties are minor in the current study. Two reasons may contribute to this phenomenon. First, the flow structures in these regions are very complex and their strengths are very high, therefore a weak forced oscillation may not affect the mean flow patterns. We can't expect a single frequency to have a noticeable effect on the mean flowfield unless that frequency happens to cause resonance of the injector (Brereton et al, 1990) .
Second, the acoustic wavelengths corresponding to the forcing frequencies are much longer than the injector dimensions. Thus it is difficult to observe considerable change from the mean flowfield point of view. Figure 6 shows the contours of the mean turbulence kinetic energy at the forcing frequency of 1500Hz. The turbulence kinetic energy in the inlet region is well organized in the presence of the forced oscillation. The strength of the separated flows near the end plate of the fuel nozzle changes and this suggests that forced oscillation may adjust the dynamic flow patterns. a-c) show the PSD of the pressure oscillations under 500Hz, 1500Hz, and 4000Hz forced oscillations at three selected probes 02:02, 10:03, and 14:10, respectively. In comparison with the case without oscillation flow, a dominant peak corresponding to the forcing frequency, i.e., 500Hz, 1500Hz, and 4000Hz, is clearly observed. However, the forcing has minor effects on the spectrum contents away from the forcing frequency. At probe 02:02, which is located outside the two high tke regions shown in Fig. 6 , the effects of forcing are relative higher in comparison with the background noise. On the other hand, at probes 10:03 and 14:10, which are located in the high tke regions, the peaks do not prevail as that at probe 02:02. The reason is that the flow condition is relatively simple at probe 02:02 comparing to those at probes 10:03 and 14:10. Figures 7 (d) shows the PSD of the axial and radial velocity components at probe 14:10 under 4000Hz forced oscillation. The forcing frequency is even difficult to be identified. In other words, the effects of external excitation on the breakdown flow region are quite small.
One point needs to be noted. The pressure field is more sensitive to external forcing than the velocity field. The forcing frequency always prevails in the pressure spectrum, but it disappears in the velocity spectrum at some probe locations, for example f F = 4000Hz at probe 14:10. Actually, the velocity response is very weak for probes in the recirculation zone and the strong shear layer zone near the guide vane between the second and third passages, especially for the radial and azimuthal velocity components. The pressure oscillation propagates at the local acoustic wave speed. While the flow travels to the downstream, the azimuthal velocity oscillation decreases due to viscous and turbulent effects.
The admittance function is introduced to study the acoustic response of the exit of injector. The admittance function, A, is defined as
where and represents the fluctuating flow speed and pressure. Figure 10 shows the radial distribution of the admittance function at the injector exit for four different forcing frequencies. The magnitude of the admittance function near the upper boundary is higher than that in the central region. The phenomenon may be attributed with the large pressure oscillation in center recirculation zone. Another important observation is the admittance function magnitude achieves its maximum at 500 Hz forcing, especially near the upper boundary. This indicates a small pressure oscillation at 500 Hz may result in a high velocity disturbance and the velocity oscillation further affects the spray breakup in this region.
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The transfer function is also obtained to study the acoustic properties, which is defined as follows.
where represents the fluctuating. The result is shown in Fig. 11 . The mass flux oscillation distributions are frequency dependent. For the 500 Hz forcing frequency, the distribution is almost uniform, around 1.6-2.2. For the 900 Hz case, the magnitude achieves its maximum near the boundary of the recirculation zone. At the forcing frequency of 1500Hz, the magnitude reaches 4 near the upper boundary and falls back to the range of 2 near the recirculation zone. This phenomenon indicates that the 1500Hz forcing enhances the oscillation near the upper boundary. In comparison with the case of without external forcing calculation, we also find the dominant frequency near the upper boundary is 1500Hz. On the other hand, the 4000 Hz forcing frequency doesn't exert any influence in this region since the amplitude is low. Although a peak occurs near the boundary of the recirculation zone, where the dominant frequency at this region is around 4000Hz, for the case without external forcing, the response within the recirculation zone is very small. Based on the above observation, we find that the mass-flux fluctuation depends on the forcing frequency although the mean mass flux profiles are almost same. This redistribution process will affect Figure 12 shows the response of the exit mass flow rate as a function forcing frequency. The inlet and outlet mass flow rates are almost in-phase at the forcing frequency of 500 Hz. As the forcing frequency increases, a phase shift is observed. Assume the streamwise length from the inlet to the outlet is L=0.03 m and the mean acoustic wave velocity is s m a / 400 ≈ + u , the phase difference, θ, of the mass flow rate between the inlet and outlet satisfies the following relationship.
where f F represents the forcing frequency. The propagation of the mass flow oscillation is based on acoustic propagation. The response of the mass flow rate reaches its maximum at 1500Hz.
The radius of the CTRZ zone also varies with the forcing process. Figure 13 shows the magnitude and phase of the CTRZ radius as a function of the forcing frequency. The radius oscillation magnitude is about 10% of the mean radius, which is same as the oscillation magnitude of the mass flow rate at the injector inlet. The phase of the radius is out of phase π with that of the mass flow rate at the injector outlet.
This indicates that not only the flow mass flux magnitude varies while excitation is implemented, but also the effective passage area changes. This is an interesting phenomenon and further study is required to uncover the effects of the forcing on the vortex breakdown. 
Conclusions
A comprehensive numerical analysis has been conducted to investigate the vortical flow dynamics of a swirl-stabilized injector under conditions with and without external forcing. The formulation treats the unsteady, three-dimensional conservation equations, with turbulence closure achieved using a large eddy simulation (LES) technique. Detailed flow structures and injector dynamics are studied systematically. In addition, the response of the injector to externally impressed oscillations is examined as a function of forcing frequency. Results are characterized with an admittance function.
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